Alo3 F733ms-cf
MT-CWICR-099-023

HYDROGEN AND PREHEAT MANAGEMENT IN WELDED
HIGH STRENGTH STEEL FOR DEFENSE APPLICATIONS

TTCP Project MAT-TP1-0-13

FINAL REPORT

D.L. Olson
July 15, 1999
U.S. Army Research Office

Colorado School of Mines
U.S.A.

Approved for Public Release;

Distribution Unlimited

THE VIEWS, OPINIONS, AND/OR FINDING CONTAINED IN THIS REPORT ARE THOSE OF THE
AUTHOR(S) AND SHOULD NOT BE CONSTRUED AS AN OFFICIAL DEPARTMENT OF THE ARMY
POSITION, POLICY, DECISION, UNLESS SO DESIGNATED BY OTHER DOCUMENTATION.

THE UNITED STATES GOVERNMENT HAS A ROYALTY-FREE LICENSE THROUGHOUT THE WORLD
IN ALL COPYRIGHTABLE MATERIAL CONTAINED HEREIN.

DISTRIBUTION STATEMENT A
Ap%rpqu for Public Release 1 999 1 1 0 1 0 5 9
16 QUALITY INSPECTED 4 Istribution Unlimiteq

~




REPORT DOCUMENTATION PAGE

Form Approved
OMB NO. 0704-0188

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this collection
of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188,) Washington, DC 20503.

1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE -
July 15, 1999

3. REPORT TYPE AND DATES COVERED
Final Report

4, TITLE AND SUBTITLE
Hydrogen and Preheat Management oin Welded High Strength Steel for Defense
Applications

6. AUTHOR(S)
David LeRoy Olson

5. FUNDING NUMBERS

DAAG55-98-1-0324

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Colorado School of Mines
Golden, CO 80401

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U. S. Army Research Office
P.O. Box 12211
Research Triangle Park, NC 27709-2211

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

ARO 38723.2-MS-CF

11. SUPPLEMENTARY NOTES

The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision, unless so designated by other documentation.

12 a. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution unlimited.

12 b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

NO ABSTRACT AVAILABLE

14. SUBJECT TERMS

15. NUMBER OF PAGES

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT

OR REPORT ON THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL

NSN 7540-01-280-5500

Standard Form 298 (Rev.2-89)
Prescribed by ANSI Std. 239-18
298-102




Table of Contents

1.0 Executive Summary
1.1 Highlights of Accomplishments
2.0 Introduction of the Operating Assignment
3.0 Participants
4.0 Hydrogen Management: Operating Assignment Tasks (July. 1999)
4.1 Task 1: Research and Development of New Weld Hydrogen Cracking Tests

4.2 Task 2: Determination of the Relationship Between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

4.3 Task 3: Development of High Strength Filler Metals to be used without Preheat
5.0 Gantt Chart(Time Table) for all Tasks and Activities
6.0 1996 Hydrogen Management in Steel Welding Workshop
7.0 1998 Hydrogen Management in Steel Welding Workshop

7.1 Executive Summary

7.2 Recommendations for Welding Research

8.0 New (MAT-TP1-0-22) Operating Assignment
8.1 Operating Assignment Summary



1.0 EXECUTIVE SUMMARY

With the need for new approaches to improve hydrogen management in higher strength
steels, three tasks, each with its special focus and potential contributions, were established to
promote cooperative research with TTCP operating assignment 013. These efforts are timely due
to the introduction of even higher strength steels in Naval structures and defense hardware.

These steels use new concepts of strengthening (i.e. precipitation) and not just the traditional
eutectoidal decomposition. As the strength level increases the amount of allowable diffusible
hydrogen content decreases and has decreased to a level of the uncertainty in the practice of
diffusible hydrogen measurement. At these lower hydrogen levels, the hydrogen distribution is as
important as the average weld metal diffusible hydrogen content.

The three tasks are the following:

Task 1: Develop new weld hydrogen cracking tests.

Task 2: Determine relationships between welding parameters (including hydrogen
content) on multiple pass weld transverse cracking.

Task 3: Develop high strength steel filler metal to be used without preheat.

Contributions made for each task are discussed.

Task 1. With the use of the new higher strength steels for defense applications, the requirements
for supporting quality assurance practices are essential. The TTCP members contributed to the
development and evaluation of various testing methodologies. The task with its multiple
contributions, allowed for a comprehensive evaluation as how hydrogen cracking tests relate to
structural integrity. The tests included the longitudinal restraint cracking test, modified gapped
bead on plate test, modified WIC test, modified cruciform test, fatigue life in hydrogen
environment (a concern related to the used of cathodic protection), and materials testing using
Kiacand J-Integral fracture testing. The results of these activities have been presented and
published, and some of these tests have advanced as an improvement to the existing
specifications. The issues of repair welding, such as establishing a worst case scenario for
assessing hydrogen cracking susceptibility has been initiated and is in progress.

Task 2: In the search for more productive and high integrity welding of higher strength steel, the
requirements to understand the relationship between welding practices and process parameters on
hydrogen cracking susceptibility are necessary. The process parameters include hydrogen
cracking relationship to heat input and hydrogen content, hydrogen arc sensing to predict
hydrogen content and distribution, hydrogen content in multi-pass welds, and the role of the
carbon content on hydrogen cracking. Welding practice activities include crack mapping in a T-
Butt joint under HIC conditions, characterizing undermatched weldments, and inspecting
structures for hydrogen cracking with various delay times; especially needed for repair welding.
The concept of electrotransport to reduce diffusible hydrogen levels during the weld thermal cycle
has been reviewed. The selection of welding process practices and parameters for welding higher
strength steels has become more engineering based with the cooperative activities of the TTCP
members.

Task 3: The role of welding consumables in controlling the tendency to hydrogen crack during



welding of higher strength steels was investigated by various TTCP members and new
consumables have been developed and evaluated for use in Naval construction. New methods to
eliminate hydrogen cracking by way of the welding consumable has been developed and
transferred to the defense industry for implementation. The activities included a comprehensive
effort to alloy the welding consumables to achieve acceptable mechanical properties and maintain
very low diffusible hydrogen content. This effort resulted in the use of weld metal hydrogen
traps, use of fluoride addition to reduce the hydrogen pick up, and use of the proper matching of
weld metal to the base metal composition reduce the tendency for hydrogen localization. All
three approaches were successful and are being implemented at the various welding consumable
manufacturers of MMA and FCA welding consumables. ULCB gas metal arc wires were
developed and evaluated for mechanical properties and weldability requirements. The ULCB
wires are being further evaluated in Naval construction.

1.1 Highlights of Accomplishment

o Hydrogen Cracking Tests

Hydrogen cracking tests are being evaluated for their ability to relate cracking tendency to
welding practice, weld configuration and associated materials. Efforts have been particularly
focussed on transverse weld metal cracking. Some of this work has resulted in the modification
of an ASTM Testing Specification. The development of a new modified curciform (WIC) test,
which is very successful in detecting the propensity of transverse cracking in multipass welds, has
been achieved. Also a new life analysis procedure using a “fatigue intensity factor” has been
developed which clearly differentiates between mechanical and hydrogen cracking affected life of
steel components. The length of time necessary after repair welding before inspection for
hydrogen cracking should be performed has been determined. This repair welding information is
essential to extend the life of high strength steel assemblies. A new initiative will address criteria
for the testing of weld repair procedures: the worst case scenario.

. Austenite Decomposition Temperature

A new concept using the austenite decomposition temperature as an indice for predicting
diffusible hydrogen content and distribution is being developed. Comparison of the austenite
decomposition between the weld deposit and the base material has been shown to predict whether
the hydrogen distribution will promote cracking in the weld metal or in the heat affected zone.
This indice will be of value in the selection of the proper welding consumable for a given high
strength steel.

. Hydrogen Arc Sensor

A hydrogen arc sensor has been developed which is able to determine the hydrogen content in the
arc. These hydrogen arc signals have been directly related to the weld metal hydrogen content.
This in process hydrogen analysis will greatly improve quality assurance and gives an indication of
improper hydrogen conditions while the welding.

° Arc Plasma Chemistry for Low Hydrogen Uptake

The introduction of small amounts of fluorine into the welding plasma under controlled oxygen
contents has been shown through both theoretical and experimental investigations to reduce the
diffusible hydrogen content in high strength steel weld deposits. The fluorine is introduced as




controlled amounts of specific fluorides in the welding consumable. Implementation of this
approach of hydrogen management will require further research and the close cooperation with
the welding consumable manufacturers.

e Hydrogen Trapping

The concept of using specific hydrogen traps in weld metal has been shown theoretically to be a
promising method of reducing and controlling diffusible hydrogen in high strength weldments.
The shared knowledge of the diffusible and residual hydrogen contents, obtained by the various
TTCP members has given preliminary indications that this concept will work if properly applied.
Experimental work involving specially prepared welding consumables is in progress and will
evaluate our ability to put this concept into practice. Success of the use of hydrogen traps in steel
components for hydrogen management has been demonstrated by USA-Army Benet Lab.

° Preheat Free MMA, GMA and FCA Welding Consumable

An ultra low carbon bainitic (ULCB) welding wire composition which has shown very acceptable
mechanical properties and welding performance has been developed and is being scaled up to
production size heats for final evaluation.

° Advanced Analytical Practices for Weld Hydrogen Content

Analytical methods have been developed to evaluate the hydrogen content across the weld as well
as the diffusible hydrogen content. The hydrogen distribution is becoming a more serious issue
with the use of steels of ever-increasing strength levels. Laser Induced Breakdown Spectroscopy
has been used to demonstrate that the weld hydrogen content is not uniform in its distribution but
has localized high contents which should be of major concern to the integrity of high strength
steel welds. These localized hydrogen contents are most likely the cause in the spread of the
measured hydrogen cracking results in welds that have acceptably low measured diffusible
hydrogen contents.



2.0 INTRODUCTION

Despite 50 years of research into the prevention of hydrogen induced cracking in weldments, the
form of cracking is still the most serious problem facing the steel fabrication industry today.
Increased performance for defense platforms requires stronger lighter structures which have
largely been obtained using high strength steels. As th strength is increased, so is the risk of
hydrogen induced cracking after welding. To address this issue, the management of hydrogen, and
the elimination of hydrogen induced cracking during the welding of high strength structural steels,
has been made the focus of an TTCP. The operating assignment is as follows:

Assignment Title: Reference No: MAT-TP1-0-13

HYDROGEN MANAGEMENT IN HIGH STRENGTH STEEL WELDMENTS FOR
DEFENSE APPLICATIONS

Focus Officer: Prof D.L. Olson Status: Ongoing Type: Operating
Start Date: 1994 Estimated Completion Date: 1999

Aus Can NZ UK US

Estimated Manpower Effort:
minl5 mn2 --- minl min 10

Principal CTA: Cost Effective Metallic Materials
Associated CTA: Life Estimation and Failure Mechanisms

Defence Relevance: The applications of high strength steels in structural assemblies allows for higher combat
performance. Two factors which have limited its application are (1) a very restrictive weld processing parameter
window and (2) the management of hydrogen.

Scientific Objective: To investigate metallurgical and physical concepts which can be used to increase high
strength steel weldment reliability. This is to include: (1) strengthening and fracture retarding mechanistic
approaches for improved weld steel properties and (2) hydrogen management techniques for reducing the
susceptibility of high strength steel weldments to hydrogen damage.

Outline Program (Start to Finish): The assignment has been divided into three special tasks: (1) development of
new hydrogen cracking tests that evaluate the susceptibility of weld metal to hydrogen transverse cracking; (2)
determination of the relationship between weld metal hydrogen content and susceptibility to transverse weld metal
hydrogen of multipass weldments, and (3) development of a family of high strength steel filler metals that can
deposit crack-free weld metal without the need for preheat or post weld soaks. Each of these tasks has an assigned
leader who will coordinate the activities of the respective contributing countries. During the third year, a weld
metal damage conference will be held to review the state of the art, significant finding, and mid project corrections.
A round robin testing exercise will be carried out in the fifth year.



3.0 PARTICIPANTS

Australia : Brian Dixon, Len Davidson, Bob Phillips, Ian French, Stan Lynch,

Canada : Calvin V. Hyatt, J.E. MacBraid, Jim Gianetto, Brian Graville

United Kingdom : Jon Butler, Richard Pargeter

United States:  Richard J. Wong, John Deloach, Joe Blackburn, Gene Frankie, Greg N.
Vigilante, John H. Underwood, Paul Cote, David L. Olson, Tom Wildeman,
Glen R. Edwards, Stephen Liu, T. DebRoy, Mark Eberhart, Stan Ferree,

Vincent van der Mee, Roger Stanton, Gerald L. Spencer, Bob Weber, Chad A.
Lensing, Yeongdo Park, Iman S. Maroef, David Smith.



4.0 Hydrogen Management

Operating Assignment Tasks

(July, 1999)



TTCP PTP1-013

Special Topics in Welding:
Hydrogen Management in High Strength Steel Weldments

TASK 1: RESEARCH AND DEVELOPMENT OF NEW WELD
HYDROGEN CRACKING TESTS

TASK 2: DETERMINATION OF THE RELATIONSHIP
BETWEEN WELDING PARAMETERS (INCLUDING
HYDROGEN CONTENT) ON MULTIPLE PASS
WELD TRANSVERSE CRACKING

TASK 3: DEVELOPMENT OF HIGH STRENGTH STEEL
FILLER METALS TO BE USED WITHOUT
PREHEAT




4.1 TASK 1

Research and Development of New Weld Hydrogen
Cracking Tests




TASK 1

RESEARCH AND DEVELOPMENT OF NEW WELD HYDROGEN CRACKING TESTS

1. Longitudinal Restraint Cracking Test
Australia-DSTO

2. Modified Gapped Bead on Plate Test
Australia-DSTO

3. Modified WIC Test
USA-NSWCCD

4. Measurement of Kieac for Higher Strength Steels
USA-Army Benet Lab.-ARDEC

5. J-integral Fracture Toughness Test Procedures
USA-Army Benet Lab.-ARDEC

6. Fatigue Life in Hydrogen Environments
USA-Army Benet Lab.-ARDEC
UK-Univ. of Cranfield

7. Survey Worst Case Scenario for Hydrogen Cracking During Fabrication
Australia-DSTO
Australia-ASC
USA-NSWCCD

8. Develop Testing Criterion for Weld Repair
Australia-DSTO
Australia-ASC
USA-NSWCCD

9. Modeling of Electronic Bonding of Hydrogen in the Zone Ahead of Sub-critical Cracks in
Ferrous Alloys
USA-Army ARL
USA-CSM
Australia-DSTO

10. Modified Cruciform Testing
Australia - DSTO
Australia — ASC
USA-NSWCCD
Canada-DREA
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Task 1:
Activity 1:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Hydrogen Cracking Tests

The Longitudinal Restraint Cracking Test

Australia-DSTO

The Longitudinal Restraint Cracking Test (LRC) has been applied experimentally
as a multipass hydrogen cracking test.

The LRC was found to be unconservative. No cracks developed in LRC tests that
were conducted under conditions that were known to produce transverse hydrogen
cracks in full-scale multipass welds. Future work needs to consider increasing the
length of the weld to increase the longitudinal residual stress.

NA

completed

1996, Q4



,._ UOISIAI(] SULIOJ)R]] dSWNLIE
®01Sa ! n

wart A<y wue

SI[qeUINSUO0) UIZ0IPAY
-MO[ UO(IBI-MO]

suisn gupjoe.ad sanpo.ad
0) J.I3AIS APPUIILINS JON

1s9) ssedynyp

)9, SUD{IBI)) JUIL.I)SIY [euIpn)ISuory




Task 1:
Activity 2:

Organization:

Description:

Results:
Plans:
Status:

Completion:

Hydrogen Cracking Tests
Modified Gapped Bead on Plate Test

Australia-DSTO

The standard Gapped Bead on Plate (GBOP) test is known to be unconservative
for determining safe welding parameters for multipass welding. Yield strength
level stresses are developed in the weld metal of the GBOP test specimen,
however, the hydrogen concentration of a single pass is less than that which
accumulates in multipass welds. An attempt was therefore made to make the
GBOP test conservative by immersing the test piece in ice water 30s after the
welding was extinguished. The aim of the "quench" was to decrease the rate at
which hydrogen could diffuse from the test weld. During laboratory scale preheat
free welding tests only the first pass is preheat free. Thereafter the temperature of
the small test piece is elevated by the previous pass or passes. Subsequent passes
may then be deposited soon after the first, at an elevated interpass temperature or
after the piece has cooled to some low pre-defined temperature. If time is allowed
for the test piece to cool then hydrogen from earlier passes will have time to
diffuse from the weld and the effects of hydrogen buildup will be reduced. If a
pass is deposited soon after the previous pass then the previous pass will have
effectively preheated the test piece and the test is not really a test of preheat free
welding. While preheating by earlier passes will also occur in a full scale structure,
the effect will be reduced by the greater heat sink offered by the surrounding
parent metal.

Despite the "quench" treatment the test was still found to be unconservative.
NA
completed

1995, Q3




Task 1:
Activity 3:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Hydrogen Cracking Tests
Modified WIC Test

USA-NSWCCD

Research on the development of a new hydrogen cracking test by designing a
modified WIC type test was performed. The major differences between present
practice and the modified approach being investigated is that the modified
approach will use thicker plate and a modified joint design to increase the thermal
severity of the test. A test fixture was developed to restrain the specimen during
the test. Previously the specimen was welded to a tee beam or a 50-mm thick
plate. This work required additional work to remove and inspect the specimen.

The modified WIC test was developed and evaluated by NSWCCD. The modified
test proved to be less severe than the standard test. The WIC test was modified as
follows: (1) increasing the plate thickness to 50 mm, (2) modify the joint design by
machining a land in the root of the weld to resist weld shrinkage stresses, (3)
incorporating transverse notches (to assess propensity for transverse cracking).
Results indicate the modified 50-mm specimen was less severe than the standard
19-mm specimen. Strain gage measurements indicate that the decreased severity
was due to reduced restraint. This work was presented at the PRICM 3
Conference on 16 July 1998. A copy of this paper will be forwarded with the final
TTCP report. ‘

NA
Completed

1998, Q2
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Task 1, Activity 3, Modified WIC Test

Strain Gaged Modified WIC Specimens



Task 1:
Activity 4:

Organization:

Description:

Results:

Plans:
Status:

Comopletion:

Hydrogen Cracking Tests
Measurement of Keac for Higher Strength Steels

USA-Army Benet Laboratory-ARDEC [Vigilante, Underwood, Crayon]

Kieac and da/dt tests were conducted on high strength steels. In-situ da/dt tests
were conducted using the potential drop and an instrumented bolt technique.

Kieac and da/dt tests were conducted on AF1410, isothermal AF1410, and AerMet
100 using the constant displacement bolt-loaded specimen and the instrumented
bolt technique. The instrumented bolt technique allows for in-situ hydrogen crack
growth. The instrumented bolt is coupled to an automatic data acquisition system
that monitors and records the load. From numerical expressions for the bolt-
loaded specimen, the crack extension is computed from the dro? in load. Stage II
hydrogen crack growth rates were approximately 1. 1B? 2.3B™, and 2.4E” mm/s,
respectively. The effect of increasing yield strength on hydrogen crack growth
rates is unmistakable. Crack growth rates increase by over four orders of
magnitude for a 50% increase in yield strength. This work was presented at the
ASTM 30th National Symposium on Fatigue and Fracture Mechanics, St. Louis,
MO, June 1998.

NA
Completed

1998, Q2




TN AWHY VOId @ Binbalb & ejue)bip Bain & 93gdy Awiy SN O 8661 aunp 62

pIoy
Bulurejuoy ioxesg

.................. /v_oﬁowi
anbiey
wajsAs u
UoRIEINbaY %6 Hd b-Z1 ‘4NN 022/}
Jjog pajuswinisuj
& oben) uleng 4 OBJUOD) JUI0d d1eljioe
- abpug |In4 peppaquig 0} Buuesag pauspieH

LTO9 ALLNHNNALSNI
¥ NANIDAdS AHAVOT-L'104 A0 DILVINHHDS




<861} M3IIAZH HITI> m
———————— ("Yuag

|981S OFEP Ul JUSWSINSESIN UIMOIL) Yorln

uaboipAH niiS-u| 0} welsAs AdOa jo uoneolddy walsAS AdOa Jo onewsyos
(;,w-ed ) M ‘Aususju ssang polddy — oo || wmsnon omovcon
06 08 0L 09 05 Oy OE 02 OIL O LINOYID INIWIHNSYIWN
F—t — -t —t+— S-31
'S “ o _ N
. ** 4 3 31 m../. O ﬁ
s - Zounos
. 3 3HHNO
a%o i ea W O | 103410
: ] & _ LINOHIO LNIHEND *
. ]
”» 3

- ¢-3l

welsAs (adDQq) doiq enualod Wweaung 108l seuojelioqe] 1eusg

m,hzmézomszm NaIODOHAAH NI SINIFWIHNSYIW MIVHI NLIS-NI
(adoa) doda 1vIiLNILOd LNIFHEND LO3HIa

e Loz

<




ASE BJIN) Ajsudju] ssaxyg parnddy
09 0s or 0¢ 0¢ 01 0
_;1.‘_‘\; “ [ m | [ “ i Lt m [ Q | _ i [ wlm—ﬁ
o 0F° :
® .
+ LT
H w.@mxw ‘
o .
¢ u&omu 9-H1
00 o 7T
$e® saednSHLL moﬁ%e 1
’. ° .. o © '.‘ a &w Q m
£ M < s
° 0% m .
8 @S A BdN G2t . w
°° g vl
€LV s 2
@ = ]
o .|
/ SA BdIN 08€EL ::: - 1 e-1
® ® ) Wy *l" _
oLvLdy  ° o —
- El
ST Ll
00} o9y ..d» "VuIN 521 v oo

- T-d1

(S/uaun) 3p/ep ey YIMO0ID Jorl)



Task 1:

Activity 5:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Hydrogen Cracking Tests
J-integral Fracture Toughness Test Procedures

USA-Army Benet Laboratory-ARDEC [Troiano]

J-integral fracture toughness test procedures for weld applications are being
investigated with emphasis on simplified test methods suitable for small specimens
cut from welds. Measurements of J-Ic fracture toughness for cleavage in as
welded 4130 steel HAZ have been made for applications to armament components.

[a] A simplified ASTM J-Ic fracture toughness bend test has been developed for
testing small specimens from welds; COMPLETED.

[b] An electric potential drop method is available for automated tests of hydrogen
cracking threshold or hydrogen affected fatigue crack growth; COMPLETED.

[c] Effects of side-grooves, composition and heat treat on J-Ic fracture toughness
and cleavage behavior of steel have been measured; COMPLETED.

Benet Laboratories modified the bolt-loaded specimen to test the hydrogen
susceptibility of various coatings. Developed a FEA model of this modified
geometry to accurately determine applied stress levels. Electroplated nickel was
found to produce a good hydrot%en barrier coating for high strength steels. This
work will be presented at the 8" International Conference on Mechanical Behavior
of Materials, Victoria, B.C., May 1999.

NA
Completed

1998, Q3



Task 1: Hydrogen Cracking Tests
Activity S: J-integral Fracture Toughness Test Procedures

Description of following load-displacement plots:

The following two load-displacement plot show some of the preliminary work we have performed
in regards to evaluation of crack instability and cleavage events for high strength steels. The work
presented here is preliminary and has not yet been published. We have observed a marked
increase in toughness of A723 steel (YS-166 ksi) and AF1410 (YS-200 ksi) when tested without
side grooving. This increase is the result of an increased plane stress zone on the specimen edges.
You can see from the AF1410 plot that major cleavage event occurred in the side grooved
specimen, at a load approximately 10% lower than the peak load of the non-side grooved
specimen. These events are truly brittle cleavage events, and would go undetected had we not
side grooved. Inthe A723 tests, an audible, rapid crack advance occurred in the side grooved
specimen. Upon further investigation we discovered that the crack advancement was not brittle,
but ductile tearing. We believe that this type of event is due to crack instability, and is highly
dependent not only on the fact that the specimen is side grooved but also dependent on the size of
the specimen.

This work is temporarily on hold because of lack of personnel in our laboratory. We anticipate
that we will be able to resume this work around October, 1999. If our projected start date is
accurate we anticipate that we will have final results around December 2000.
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Task 1:

Activity 6:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Hydrogen Cracking Tests
Fatigue Life Analysis in Hydrogen Environments

USA-Army Benet Laboratory-ARDEC [Underwood]
UK-Univ. of Cranfield

A new analysis has been described for characterizing fatigue life, including local
stresses and initial crack. This work is being conducted jointly with U. Parker
(Univ. of Cranfield, U. K.).

[a] A new fatigue life analysis procedure using a “fatigue intensity factor” clearly
differentiates between mechanical and hydrogen cracking affected life of steel
(cannon) components; COMPLETED; ICF9 (Sydney, 97), FD98 (Helsinki, 98).

[b] Causes of hydrogen cracking and control measures for heat affected cannon
steels are being identified, including models of thermal residual stress and
hydrogen cracking and their effect on fatigue life; IN PROCESS; ASME PVP (San
Diego,98), ARO (Ottawa, 98); COMPLETED, 1999, Q3.

[c] Investigation of direct corrosion fatigue effects of hydrogen [from cannon

combustion gasses] on fatigue life of high strength steels; INITIATED; completion
2000.

Causes of hydrogen cracking and control measures for cannon components are
being identified, including thermal damage and associated residual stress effects on
fatigue life.

in progress

2000, Q3
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Task 1:

Activity 7:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Hydrogen Cracking Tests
Survey Worst Case Scenarios for Hydrogen Cracking During Fabrication

Australia-DSTO
Australia-ASC
USA-NSWCCD

As a basis for determining the most appropriate test procedure, descriptions of
worst case scenarios for hydrogen cracking during fabrication are being sought.

The design detail and working environment that represents the greatest risk of
cracking was determined from fabrication experience.

Descriptions are being requested and will be circulated for comment.

The survey for worst-case scenarios show that repair welding of high strength steel
structures represents a “worst-case scenario”. Cracking is commonly found in
repair welds as these usually occur in regions of difficult access and high restraint.
DTSO have reviewed ASC fabrication records and have shown that, with
exception of weld repairs, the highest risk of cracking occurs in high restraint
joints where preheat is maintained only for short times, such as in small repair
welds, and where hand torches are used for preheating. The major joints, such as
hull longitudinal seams, circumferential seams and frame-to-hull welds, may take
several days to complete. In these welds, heat is maintained until welding is
complete and, over these long heating times, hydrogen has sufficient time to
diffuse out of the joint so that the hydrogen content in the final weld zone is
reduced considerably.

One area prone to cracking has been investigated in detail. , The cracks which have
been identified were at highly restrained locations in a ballast tank (see figure) and
they often coincided with the end of weld runs.

Completed

1998, Q4
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Task 1:
Activity 8:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Hydrogen Cracking Tests
Development of Testing Criteria for Weld Repair

Australia-DSTO
Australia-ASC
USA-NSWCCD
Canada-DREA

The progressive aging of existing Naval platforms has necessitated the
development of hydrogen cracking tests for weld repair. This condition potentially
represents a worst case scenario for hydrogen cracking susceptibility.

A reproducible test for measuring hydrogen crack sensitivity.

Identify the worst case weld repair scenarios on Naval structures and develop a
test plan which will evaluate the various hydrogen cracking testing procedures to
assess these repairs. Suggested tests have been introduced for discussion.

Work at ASC has been stopped because the welding engineer who was developing
test procedures is no longer employed there. The DSTO contribution to this work
has also been deferred due to pressure of higher priority investigations. NSWC
reports that Newport News and Electric Boat currently use the trough test as an
in-house test for cracking. It is anticipated that it will take significant man-hours
for the shipyards to come up with a good recommendation.

in progress

2001, Q4



Task 1:

Activity 9:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Hydrogen Cracking Tests

Modeling of Electronic Bonding of Hydrogen in the Zone Ahead of Sub-critical
Crack in (BCC) Ferrous Alloys

USA-Army ARL
USA-CSM
Australia-DSTO

This investigation will determine the relative energies of interstitials that can
migrate to the zone of sub-critical crack in ferrous alloys. It will characterize the
intra planar bonds when interstitials are present (e.g. establish if these interstitials
change the nature of these bonds promoting/hindering crack tip propagation in the
zone).

There is evidence from prior calculations (CSM-Mark Eberhart) that much
understanding can be determine as to the nature of hydrogen damage from these
fundamental atomic scale calculations.

Establish a research team of internationally respected investigators, both
theoretical and experimental scientists, and propose the scope and work statements
for this project to be submitted to the appropriate funding agencies. Dr. Genrich
Krasko, US Army Research Laboratory was proposed as primary Principal
Investigator.

in progress

1999, Q2
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Task 1:

Activity 10:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Hydrogen Cracking Tests
Modified Cruciform Test

USA-NSWCCD
Australia-DSTO
Australia-ASC

Candada-DREA

Design of a 50-mm thick modified cruciform specimen was performed. The major
difference between the standard cruciform and the modified cruciform specimen is
that the modified cruciform and longitudinal and transverse notches machined on
the mating surface of the attached leg. In the standard specimen the mating
surface is machined flat to minimize any gaps between the mating surfaces. Initial
results of a 25-mm thick modified cruciform were successful in detecting the
propensity for longitudinal and transverse cracking in multipass welds. Weld metal
embrittlement was also assessed by evaluation of all weld metal tensile specimens
removed from quadrants 3 and 4 of the cruciform specimen. The modified
cruciform specimen thickness was increased to 50 mm to increase thermal severity
when using no preheat and to increase the number of welding passes in each
quadrant which may increase restraint severity.

The modified cruciform test has been found successful in detecting the propensity
for longitudinal and transverse cracking and weld metal embrittlement (via loss of
ductility in all weld metal tensile specimens). Thermal severity was more severe in
the 50 mm thick specimen compared to the 25 mm thick specimen when no
preheat is used. The results of the 50-mm thick modified cruciform tests were
consistent with previously established cracking data based on single pass WIC tests
and multiple pass 25-mm thick modified cruciform tests. A document describing
the modified cruciform using the AWS B.4 format was prepared.

NA
Completed

1998, Q2
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4.2 TASK?2

Determination of the Relationship Between Welding
Parameters (Including Hydrogen Content) on Multiple
Pass Weld Transverse Cracking



TASK 2

DETERMINATION OF THE RELATIONSHIP BETWEEN WELDING PARAMETERS
(INCLUDING HYDROGEN CONTENT) ON MULTIPLE PASS WELD TRANSVERSE
CRACKING

1. Hydrogen Induced Subcritical Cracking
Australia-DSTO

2. Hydrogen Cracking and Heat Input
Australia-DSTO

3. Risk Evaluation of Hydrogen Cracking
Australia-DSTO

4. Hydrogen Arc Sensing and Modeling to Predict Weld Metal Hydrogen Content
USA-NSWCCD
USA-Penn. State Univ.

5. Modeling of Hydrogen Cracking Behavior in a Repair Weld
Canada-DREA

6. Eliminate Post Weld Heat Treatment by an Electrotransport Practice
USA-CSM

7. Characterization of Undermatched Weldments
USA-NSWCCD
Australia-DSTO
Canada-DREA

8. Cracking Mapping in a T-Butt Joint
Australia-DSTO
USA-NSWCCD
Canada-DREA

9. Hydrogen Contents in Multipass Welds
UK-DERA
Canada-DREA
USA-NSWCCD
Australia-DSTO
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Task 2:
Activity 1:

- Organization:

Results:

Description:
Plans:

Status:
Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

The Relationship Between Hydrogen Content and The Susceptibility to Hydrogen
Cracking

Australia-DSTO

An experimental technique has been developed to determine the relationship
between the hydrogen induced sub-critical crack growth rate and both the
microstructural constituents and diffusible hydrogen content.

Specimens have been prepared and preliminary tests have been undertaken to
determine charging times required to impart sufficient hydrogen to the test
specimen to produce subcritical crack growth.

A test rig for conducting three point bend tests have been designed and assembled
for the purpose of measuring subcritical crack growth rates in hydrogen charged
specimens. Specimens of LTEC 120S weld metal have been charge electrolytically
with hydrogen and subsequently tested for HIC. Subcritical crack growth has been
detected. Preliminary calculations indicate a substantial drop in critical stress
intensity factor for cracking because of hydrogen of hydrogen charging (K=48.5
Mpa/m2 as compared to K>200 Mpa/m2 in uncharged material). Examination of
fracture surfaces has revealed intergranular cracking commonly associated with
HIC. Further testing is in progress to calibrate/modify the test machine for
quantitative measurement of crack growth rate and stress intensity factors. A
range of specimens have been prepared, including preheat free weld metal.

Continuing work in this activity will quantify the relationship between the bulk
diffusible hydrogen content and the nature of the relationship between the bulk
diffusible hydrogen content and the onset of cracking. Examination of
microstructure and fracture surface is planned to gain a better understanding of the
relationship between microstructure and the susceptibility to HIC.

in progress

2001, Q3
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Task 2:

Activity 2:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Hydrogen Cracking and Heat Input

Australia-DSTO

The influence of heat input on hydrogen cracking has been investigated for a
submerged arc consumable using the Gapped Bead on Plate test. Test results
indicate that although increased heat input was found to reduce the likelihood of
hydrogen induced cracking, as expected, the high heat input welds were found to
crack at lower “critical hardness” levels than lower heat input welds.

This result highlights the difficulties associated with measuring the influence of
welding parameters and hydrogen content due to the interrelationship between the
welding parameters and resulting microstructure, hardness, residual stress, and the
weld hydrogen level. Because of these complex interrelationships, a controlled
single variable cracking test has been developed and is being used to directly
measure the inherent susceptibility of weld metal to hydrogen without the
complications that normally arise in welding tests.

High heat input welds crack at lower “critical hardness’ levels than lower heat
input welds.

work continuing
in progress

2001, Q3
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Task 2:

Activity 3:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Risk Evaluation of Hydrogen Cracking

Australia-DSTO

Control of weld metal hydrogen cracking in high yield strength steel for submarine
construction is an essential requirement. To evaluate the risk of hydrogen cracking

‘and embrittlement, an experimental submarine section (7.8 m diameter, 2.4 m long,

containing five stiffening ring frames) was fabricated using "high" carbon
equivalent electrodes (Pcm= 0.283 versus typical values of 0.26) and a wide range
of welding procedures. The effect of carbon content on cracking risk was also
examined. The welds were examined both non-destructively and destructively.

No significant evidence of cracking was found. An increase in carbon content from
0.07 to 0.10 wt. pct. was found to have little effect on yield stress. Assessment of
welds in a test fabrication showed that a wide range of techniques and procedures
could be used without a risk of cracking.

In a separate program of work, the welding preheat and interpass temperatures in a
cruciform joint were progressively reduced until the onset of cracking occurred.
For MMA (SMA) welds and standard welding procedures, the preheat and
interpass temperatures could be reduced to below 60 C without cracking. For SA
welds, cracking occurred at 80 C preheat and interpass temperature. The time
between weld passes was not measured during this work.

NA
completed

1995, Q2
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Task 2:

Activity 4:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Hydrogen Arc Sensing and Modeling to Predict Weld Metal Hydrogen Content

USA-NSWCCD
USA-Penn. State Univ.

The arc-sensing model will be extended to determine weld pool shape and time-
temperature profiles associated with GMA welding. Currently, relationship
between weld metal microstructures and toughness are being established.

Hydrogen distribution and migration from the welding plasma to the solidified
weld metal is being modeled. The model is being developed for GMA welding and
will incorporate feed metal and resulting papilla characteristic of GMAW. The
model utilized spectrographic data supplied by the hydrogen sensor to establish the
initial species in the plasma.

Hydrogen emissions data was used to predict diffusible hydrogen test results using
the Penn. State Univ. model. A cylindrical heat source has been developed for

model development. The cylindrical heat source produced a papilla consistent with
GMAW.

The weld pool shapes and resulting thermal profiles will be validated. The effect
of variations in welding parameters will be evaluated.

completed

1998, Q4
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Task 2:

Activity 5:

Organization:

Description:

Results:
Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Modeling of Hydrogen Cracking Behavior in a Repair Weld

Canada-DREA

The time delay a structure is inspected for hydrogen cracking has important
implications for production efficiency and cost effectiveness. This especially true
in repair welding, where a quick turnaround is essential to maximize ship
availability and minimize total repair costs. These same repair scenarios impose a
fairly high risk of hydrogen cracking risk relative to new building. This being so it
is important that a reasonable delay times be used prior to inspection for hydrogen
cracking, when such inspections are deemed to be required.

What is proposed in this activity is that there be a sharing of perspectives,
historical data, cracking times form test programs and modeling and other relevant
information. This data would be combined in an interim operating assignment
report to the Pannel and all countries concerned. This information would prove
useful in the assessment of current practices, the documentation of the basis for
current recommendations and the documentation of factors considered in
developing practices for new steels used in Naval Construction (e.g. X-80, HSLA
65) and new welding practice and consumables.

New Activity
NA
in progress

2001, Q3




Task 2, Activity 5: Hydrogen
Management in Repalr Welds

* Questions to answer:

» What is the required post weld delay time
mspectlon for hydrogen cracking ?

« Can modeli g be used to develop better welding
process for h drogen management?

» Approach: Expenmen

— Experiments
* 9mm A517 grade F plate, E110 -18 electrodes

* 1 pass on one side of plate; 2 passes in U groove on
BEF Euamm Slde WIth hulnldlﬁedl{lo %eselrch Establishment Atlantic (DREA)

The question of how long is it necessary to wait after welding for inspection
for hydrogen cracking is being examined by modeling and experiments.
Empbhasis has been on repair welding in multipass weldments, a topic of
current interest to the Canadian Navy. An initial series of experiments was
done with 9mm A517 grade F plates and E110-18 electrodes. In these
experiments, a Charpy V notch was placed in the weld heat affected zone of
the weld and the other side of the weld was gouged out into a U-groove which
was subsequently refilled with 2 passes made with humidified rods. The
assembly was then loaded with fixed displacment loading and the time to
cracking determined. Numerical modeling was done to estimate the
temperature history and hydrogen redistribution by diffusion. To model the
experimental weld, it was assumed cracking occurred when hydrogen
concentration reached a maximum at the notch tip. The finite difference
model suggested a 24 hour cracking time. This was in fairly good agreement
with the experiments which showed a 13 to 18 hour cracking time. This work
has been documented in a DREA contractor report [2] and a paper [3].

Follow on work to investigate delay times in repair welds in thicker HY 80
material will be completed by June 2001. This work will also address, to some
degree, concerns raised in the previous study about the effect of variations in
notch placement and welding parameters on results and the applicability of the
model to longer delay times.




Task 2, Activity 5: Hydrogen
Management in Repair Welds

* Charpy V notch cut in HAZ on'first side, ‘jiﬁxed
displacement loading applied to give crac

= Modeling (Flmte Difference, Thermal and Hleffusmn)

. Assumes crackmg occurs when hydrogen
concentrati xn"reaches a maximum at notch tip

* Finite d1fference-? nodel suggests 24 hours which
agrees reasonably with experiments 13 -18 hours

nﬂrmcﬁ&"jﬁssuss

fence Research Establishment Atlantic (DREA)

Reports

1. C.V. Hyatt and J.R. Matthews, Delayed Hydrogen Cold Cracking in Ship
and Submarine Weldments, DREA TC 93/312, Defence Research
Establishment Atlantic, Dartmouth, Nova Scotia, 1993.

2. N. Pussegoda, B.A. Granville, and L. Malik, Delayed Cracking in Naval
Structural Steels, DREA CR 97/420. Defence Research Establishment
Atlantic, Dartmouth, Nova Scotia, 1997.

3. B.A. Graville, L.N. Pussegoda, and L. Malik, Prediction of Hydrogen
Cracking in Multipass Welds in Low Carbon Steels, in Abstracts and
Summaries of the 27 Canadian Forces/CRAD Meeting on Naval Applications
of Materials Technology, edited by J.R. Matthews, Defence Research

Establishment Atlantic, Dartmouth, Nova Scotia, pp. 632-645, 2-4 May, 1995,
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The Figures above show:

Upper Left: The weldment dimensions used in the model and approximated in
the experiments.

Lower Left: The hydrogen content at the notch tip as a function of time after
welding, as predicted by the model. Assuming cracking occurs at peak
hydrogen content, which is open to question, failure time is 24 hours

Upper Right: The output of a strain gauge on a constant deflection specimen.
The drop after about 12.5 hours shows cracking has initiated. Specimens
cracked between 12 and 18 hours.

Lower Right: Relative weldment total hydrogen. Comparing the two lower
Figures highlights the importance of local concentration effects.

A final comment:

This technique offers great potential for the development and of welding
procedures to avoid problems. For example, the time between passes in a
multipass weld is an important variable which is seldom controlled.



Task 2:

Activity 6:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Eliminate Post Weld Heat Treatment by an Electrotransport Practice

USA-CSM

The concept of using electrotransport to reduce diffusible hydrogen levels was
evaluated using transport calculations.

The application of electrotransport during the welding thermal cycle may be useful
in reducing hydrogen cracking susceptibility in small technical assemblies that
might otherwise experience distortion or unacceptable microstructural changes as a
result of conventional post weld heat treatment.

Due to the requirement of excessively high current, if electrotransport methods are
to be applied to heavy section weldments, this technique initially appeared useful
for only small weldments such as those found in precision assemblies. Discussions
are in progress with the Center of Electromechanics of the Univ. of Texas to set an
industrial demonstration project to illustrate that homopolar power sources can
produce sufficient current and are portable enough to work in combination with
the welding practice associated with heavy section weldments.

NA
Completed

1998, Q3
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Task 2:

Activity 7:

Organization:

Description:

Results:
Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Characterization of Undermatched Weldments

USA-NSWCCD
Australia-DSTO
Canada-DREA

The use of undermatching weld metals may improve productivity of welding high
strength steels by reduction or elimination of preheats.

Compared to cracking in the HAZ, the problem of weld metal HIC is still relatively
new and less is known about its cause, however there are significant differences
between weld metal and parent metal cracking. In particular, it has been found
that weld metal cracking is known to occur at lower hardness values than HAZ
cracking.

There is a minimum yield stress requirement of 690 MPa for weld metal in the QT
steel plate used for the COLLINS Class submarines, however the actual yield
stress values are often considerably higher. The yield stress values obtained in 188
procedure qualification tests were reviewed and histograms showing the
distribution of yield stress values for all the qualified MMA procedures in
COLLINS are given in the figure. This shows a classic normal distribution with a
mean value of about 780 MPa. In other words, the actual weld deposit yield
stress may be considerably greater than the minimum allowable. This increased
yield stress gives limited benefit to the welded joint but is associated with a
considerable increase in sensitivity to hydrogen cracking.

Work on this activity is directed at reducing the mean value of weld deposit yield
stresses while ensuring that the welded joint is fit-for-purpose. To date the effort
has focused on surveying literature in the area and making contact with other
researchers in the area. The published evidence about reduced or undermatching
weld deposit yield stress is conflicting with different tests or models producing
significantly differing outcomes. Further work is required.

NA
The scope and work statements will be defined and work will proceed.
in progress

2001, Q4
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Distribution of yield stress values obtained during procedure qualification
testing for all weld metals. Results with cross hatching are outside the
acceptable range.



Task 2:

Activity 8:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Crack Mapping in a T-butt Joint

Australia-DSTO
USA-NSWCCD
Canada-DREA

A T-butt joint was welded using conditions known to produce HIC. Three-
dimensional plan of throughout the joint was prepared by milling down through the
joint and inspecting at 2 mm intervals and recording the length and location of all
cracking that was found. This work is being repeated for joints having butt and
cruciform configurations.

In one investigation, test plates were welded using procedures designed to
deliberately generate cracking. The welding had been done with low preheat and
interpass temperatures and the electrodes were damp at the time of welding. The
plates were T-butt in configuration. When these plates were inspected at DSTO
extensive sub-surface cracking was found. In fact, cracking was so extensive and
cracks were so numerous that it was not possible to determine the number of
cracks using ultrasonic techniques. Despite the large number of subsurface cracks,
only one crack was found on the surface.

Serial “sections” through the joint were undertaken to map crack locations in the
weld and HAZ. Multiple cracking was found along the root of the weld with
cracks being equally spaced. On a few occasions isolated cracking was found, and
these cracks were generally larger. A report on this investigation is completed.
The reference is:

Ditchburn, R.J., Scala, C.M. and Dixon, B.F. (2000) ‘Comparison of Techniques
Jor nondestructive Inspection in Thick-section Welds of Pressure Vessel Steel’
Nineth International Conference on Pressure Vessel Technology. Sydney,
Australia, 9-14 April.

In this work, the use of slits in the abutting member of a T-butt joint was not
reliable means of generating cracks.

NA
in progress

2000, Q4



Comparison of techniques for nondestructive inspection in thick-
section welds of pressure vessel steel

R.J. Ditchburn, C.M. Scala and B.F. Dixon

Defence Science & Technology Organisation

GPO Box 4331 Melbourne
Victoria Australia 3001

1. ABSTRACT

This paper presents a comparison of defect detection and sizing results from two angle-beam
ultrasonic investigations of a thick-section tee-butt welded joint containing transverse and
longitudinal defects. The two ultrasonic techniques investigated were (i) automated P-scan
and (ii) manual ultrasonics. The ultrasonic results for both were compared to a comprehensive
magnetic particle inspection performed during subsequent sectioning of the joint.

2. INTRODUCTION

Many structures in military service, such as submarines, ships and armoured vehicles require
thick section welds. To determine weld acceptability, the welds must be nondestructively
inspected and the type, location and size of any defects determined. The challenge is to ensure
reliable inspection but at the same time to minimise unnecessary inspection. While a range of
nondestructive testing (NDT) techniques are possible candidates for thick weld inspection, the
reliability of their application has been a topic of continuing concern. Even angle beam
ultrasonics, which is the primary technique applied for inspection of thick-section welds, has
been shown to have some limitations, in terms of defect detection and sizing, which require
further investigation.

The tee-butt weld considered here forms part of a larger study being undertaken on a range of
thick-section weld geometries to assess the capabilities of automated and manual ultrasonics
to detec§ and measure the size of (i) transverse cracks and (ii) longitudinal defects,.

3. WELDED JOINT PREPARATION

The thick-section welded joint reported here is a 1000 mm long tee-butt joint with a 20 mm
thick web and 35 mm thick flange. The joint was welded using high strength submarine steel
plate (BIS 812 EMA) which is believed to have a low sensitivity to hydrogen cracking
because it has a ‘lean chemistry’ (low in carbon equivalent). Artificial defects were
introduced into the weld to replicate longitudinal fusion defects and cause transverse cracks to
form at specific locations. The plates were also deliberately welded in a manner to encourage
the formation of additional transverse cracks and numerous other weld defects, as described
below.

The weld bevels were flame cut and ground, then three slits with depths of 3 mm, 4 mm and

6 mm were machined into the root, transverse to the weld direction. The slits were
approximately 1 mm wide. Two 50 mm long shims, one 3 mm and the other 4 mm wide, were
welded to the bevel faces using the GTAW process to replicate unfused side walls. Ceramic
backing was used to control root penetration. The joints were welded with manual metal arc at
normal preheat (120-180°C) for the first few passes. These joints were then filled with
submerged arc using lower preheat, damp flux and water cooling between passes to induce
transverse cracking. Capping was with submerged arc at normal preheat to reduce the risk of
cracking in the weld cap.

The artificial defects were introduced only in the first third of the length of the joint, therefore
only this portion of the joint is considered in this report. A photograph of the weld profile
showing the vertical web welded to the horizontal flange is given in Figure 1. For the

1



purposes of the following analysis this weld profile is assumed to remain constant along the
length of the weld. This is a reasonable assumption because the fill and capping passes were
undertaken with automated submerged arc welding.

4. DEFECT EVALUATION

4.1 Ultrasonic Inspection Method

The tee-butt joint was ultrasonically inspected using two different techniques. The joint was
firstly inspected using the automated P-Scan system using a Krautkrimer USK7-S flaw
detector with a 2 MHz 60° angle beam probe, and at 4 MHz with probes at 0°, 45°, 60° and
70°. The inspection was carried out in accordance with TS-020 [1] because it represents an up
to date military specification for critical thick-section weld applications. Secondly, the joint
was inspected using manual ultrasonics in accordance with AS 2207 Level 1 [2]. The manual
ultrasonics was performed using a Krautkrimer USK7-B flaw detector with a 4 MHz straight-
beam probe (MB4S style), and with 4 MHz 45°, 60° and 70° angle beam probes (MWB
style). For the manual ultrasonics, all defect indications were sized using the last significant
echo technique as described in AS 2207.

It is of significance that the reference sensitivity under TS20 (used for the P-Scan inspection)
is lower than that under AS 2207-1994 Level 1 (used for the manual ultrasonic inspection).
AS 2207-1994 Level 1 specifies:

— use the gain required to bring the signal from a 1.5 mm side-drilled hole which is at least
22 mm long, at the same beam path as the discontinuity, to 80% graticule height.

Whereas TS20 specifies:

— use the gain required to bring the signal from a 3 mm side-drilled hole at least 22 mm long at
the same beam path as the discontinuity, to 80% graticule height.

Under the evaluation conditions used in this paper all imperfection echoes equal to or greater
than 20% graticule height of the amplitude from the side-drilled hole were evaluated for
length and recorded.

4.2 Ultrasonic Inspection Results

Four discontinuities were detected using the automated P-Scan system (labelled A1-A4)
while six discontinuities were detected using manual ultrasonics (labelled M1-M6). There
were also numerous point reflectors detected along the entire length of the weld which greatly
complicated the inspections. Most of these point reflectors were smaller than 2 mm in height
and length. Due to the large number of these point reflectors their positions were not recorded.

Positions.in the weld are defined using a right-handed xyz coordinate system with origin
located on the weld centreline at the edge and on the top surface of the flange. The x
coordinate gives the distance along the weld centreline, the y coordinate gives the
perpendicular distance from the weld centreline, while the z coordinate gives distance into the
flange (positive z) or distance above the flange (negative z). The ultrasonic data are shown
graphically in Figure 2. The diagram on the left shows a xy-section of the tee-butt joint with
all the indications given by automated P-Scan and manual ultrasonics overlayed. The
diagrams on the right illustrate the weld profile in the yz-plane at the x position indicated and
clearly show the height of the indications relative to the weld. The indication A2 was not
adequately recorded and therefore could not be plotted fully.

4.3 Sectioning and Magnetic Particle Examination Results

To assess the validity of the two ultrasonic techniques and allow their comparison, the joint

was progressively sectioned to uncover the discontinuities contained in the joint. Sections

were taken parallel to the xy-plane. The sectioning commenced in the web and proceeded into
the flange at intervals of Az ~ 0.5 mm. Following each cut a magnetic particle inspection was
conducted to highlight the defects present and the location and size of the discontinuities were

2



recorded. These results are tabulated in Table 1 along with the labels of the corresponding
indications given by the ultrasonic inspections. Given that the depth of each cut was

~ 0.5 mm there is an uncertainty of ~ 0.5 mm in the z direction measurements and the
possibility that defects smaller than 0.5 mm in this direction be missed entirely by magnetic
particle inspection.

Due to the great number of small transverse cracks that were present, these cracks were not
recorded individually but were grouped together as bands of transverse cracks to simplify the
recording procedure. These numerous transverse fine cracks were typically less that 2 mm in
length, although a small number were up to 4 mm in length. This fine cracking data is not
tabulated in Table 1.

The diagrams in Figure 3 show a comparison of the combined ultrasonic data with the
magnetic particle data for two different sections parallel to the xy-plane. For both sections in
Figure 3, two diagrams are shown, the upper diagram shows the magnetic particle data from
Table 1 including the locations of the numerous fine cracks (typically less than 2 mm in
length) detected by magnetic particle inspection which were plotted as bands of transverse
cracks. The lower diagram of each section shows the combined automated and manual
ultrasonic data. The shaded region shows the weld metal.

5. RESULTS AND DISCUSSION

5.1 Automated Ultrasonics and Manual Ultrasonics vs Magnetic Particle Inspection

Comparison of the ultrasonic inspection with the magnetic particle inspection results shows
that every indication given by the ultrasonic inspections was verified by the magnetic particle
inspection, and every significant magnetic particle indication was also verified by either one
or both of the ultrasonic techniques.

It is evident from Figure 2 that three indications given by automated ultrasonics corresponded
well with indications given by manual ultrasonics, ie Al corresponded to M2/M3, A2 to M4,
and A4 to M5. Three other indications were detected by one ultrasonic technique only and not
verified by the other, ie A3 (longitudinal) was given by automated ultrasonics only, while M1
(longitudinal) and M6 (transverse) were given by manual ultrasonics only. The failure of the
automated ultrasonics to detect M1 was not surprising given that this system setup was unable
to inspect for defects within approximately 25 mm of the end of a specimen. However,
concern exists as to why the automated ultrasonics failed to detect the large transverse defect
M6 in our investigation. The manual ultrasonics failed to detect the longitudinal defect A3 but
this defect was small and therefore its non-detection was of a lesser concern than the non-
detection of a large transverse defect.

In general, the size of the defects was not well predicted by ultrasonics. Both indications A4
and M5 had an error of 28 mm for their length in the x direction. In most other cases the error
ranged from 3 to 7 mm in at least one direction for each defect.

Not only is the detection and correct sizing of defects important, but also the accurate
determination of the defect’s location. Inspection of the results showed that most end
positions given by ultrasonics were within 5 mm of those given by the magnetic particle
inspection. Of the defects with errors in end position greater than 5 mm, only four end
positions had an error of greater than 10 mm. Despite these errors in the end positions, all the
ultrasonic indications either overlapped or were within 7 mm of the corresponding indication
given by the magnetic particle inspection. From a practical point of view, therefore, the
defects giving ultrasonic indications would all have easily been found during gouging before a
weld repair.

It appears that the ultrasonic inspections have generally predicted the defects below their
actual locations, ie, a more positive z value. The ultrasonic indications A2, M3, M4 and M6



all coincided, to some extent, with indications given by magnetic particle inspection. All the
other ultrasonic indications were lower (a more positive z value) than those detected by the
magnetic particle investigation and therefore do not appear on the same xy-section diagram
(Figure 3). Furthermore, the transverse indication M6, is the only ultrasonic indication that
extended above (a more negative z value) its corresponding indication given by magnetic
particle inspection.

5.2 Effectiveness of Artificially Introduced Defects in Weld Preparation

The slits that were machined into weld preparation bevels successfully caused transverse
cracks and the shims that were welded on the bevels successfully caused longitudinal
discontinuities at the desired locations. All the artificially introduced defects except the
smallest slit (I1) were subsequently verified by the ultrasonic and magnetic particle
inspections. I1 was only 3 mm in depth and may have been melted out during welding. In
addition to the artificially introduced defects two other large defects were detected by the
ultrasonic or magnetic particle inspections, namely M1 and A3.

The other methods used to encourage the formation of transverse cracks, ie exposure of the
flux to air and cooling of some weld passes with water, resulted in a large number of small
transverse cracks. This reflects the situation in practice where it is commonly found that
transverse cracking occurs either as an isolated large crack or a series of small cracks along
the weld. The cracks were identified by the ultrasonic operator and were reported.

It was thought that the presence of the numerous fine transverse cracks might mask other
significant defects by scattering the ultrasonic beam and prevent the defects from being
detected. In this study this does not appear to be the case. However, because of the scattering
from the fine cracks, during the manual ultrasonic inspection, extremely careful probe
manipulation and concentration were required by a highly skilled inspector. This level of
concentration and skill may not always be achieved in a production environment and the
chance of missing defects will increase. '

5.3 Observations on the Locations and Extent of Transverse Cracking

The welding parameters chosen for this work caused a significant number of transverse cracks
through the entire length of the weld. Since the locations of these cracks were not recorded for
either ultrasonic technique, a comparison cannot be made with those indications detected by
the magnetic particle inspection. However, it is instructive to examine the locations of both
small and large transverse cracks relative to the weld as determined by magnetic particle
inspection.

As illustrated in Figure 3 a significant number of fine transverse cracks occurred in parent
metal high up the web. There were fewer fine transverse cracks at lower sections in the web
once the weld metal spanned the full thickness of the joint. The greatest number of fine
transverse cracks occurred in the flange (ie, positive z values). In this region the cracks were
mostly confined to the flange weld metal. However, a number (Figure 3, z=+1.8 mm) were
in parent metal. This area about the root of the weld was undertaken with low preheat welding
conditions and it was anticipated that cracking would occur in this region. However, the fact
that hydrogen cracking extended well into the parent metal was not anticipated, since this
parent metal is supposed to be highly resistant to cracking.

Both of the large transverse defects (M6 and A2/M4) began high up in the web and then
extended well into the flange (Figure 2 and Figure 3). In particular, the large transverse defect
M4 finished well into the flange parent plate, 6 mm below the weld metal. This defect also
broke the surface on both sides of the web, traversing the web parent metal.

In practice, most transverse cracking is sub-surface and it is most unusual for the cracking to
be this large and to break the surface. Even in the current situation, where low heat input

4



welding procedures were used for some of the fill passes, it was not expected that cracking
would travel into regions of weld where qualified welding techniques were used, or into 6 mm
of parent metal. This demonstrates that significant cracking can occur in both welds and
parent metal of this steel when inappropriate procedures are used.

The fact that both large and small transverse cracks were found in parent metal clearly
indicated that this steel is susceptible to transverse hydrogen cracking, despite its lean
chemistry and quite high level of weldability. However, the evidence suggests that parent
metal cracking initiated in weld metal and grew into the parent metal.

It was also observed (Figure 3) that the fine transverse cracks were absent near where large
transverse cracks occurred (see in particular, M4) indicating that the larger cracks formed first
and thereby dissipated the residual stress at these locations. Work is currently under way to
estimate the level of stress at the first small cracks away from the larger cracks, since this
provides an indication of the level of residual stress necessary for crack formation when using
these welding conditions and materials.

6. CONCLUSIONS

A comparison of manual and automated P-Scan ultrasonic testing of a tee-butt joint with
magnetic particle inspections of slices through the same joint has shown that all significant
ultrasonic indications given were verified by the magnetic particle inspection, and that every
magnetic particle indication was verified by either one or both of the ultrasonic techniques.
However, the ultrasonic inspections have generally predicted the defects lower (closer to the
flange) than their actual locations as determined by magnetic particle inspection. Furthermore,
concern exists as to why (i) the automated ultrasonics failed to detect the large transverse
defect M6 (length = 18 mm, height = 13.4 mm), and (ii) the manual ultrasonics failed to
detect the small longitudinal defect A3 (length = 5 mm, height = 0.5 mm). Concern also exists
about the inaccuracies in sizing defects by both manual and automated ultrasonic techniques.
Further measurements on additional specimens are required to resolve this problem.

The welding procedure and the introduction of artificial defects were successful in producing
transverse and longitudinal cracks at the desired locations. However, large numbers of
transverse cracks were generated throughout the entire length of the weld. This complicated
the ultrasonic and magnetic particle inspections for larger defects because the smaller defects
generated a significant ‘noise’.

The location of the transverse cracking was significant. Both the large and fine transverse
crack formations occurred in the parent metal as well as the weld metal, thereby proving that
the parent metal is not immune to cracking, despite its ‘lean’ chemistry. Furthermore, the fine
transverse cracks were absent near where large transverse cracks occurred, indicating that the
larger cracks formed first and relieved the tensile residual stresses at these locations.

ACKNOWLEDGEMENTS

The authors wish to thank the assistance of Mr Joe Donato, Mr Paul Calleja and Mr Ian
Jackson during the sectioning and magnetic particle inspection of the joint. The plotting of
data by Mr Joe Donato is also gratefully acknowledged.

REFERENCES

[1] Technical Specification TS-020, Revision 11, Quality control regulations, inspection and
examination of welds and rules for evaluation and approval. Kockums Submarine Systems
AB, 1995.

[2] Australian Standard. AS 2207-1994, Non-destructive testing—Ultrasonic testing of fusion
welded joints in carbon and low alloy steel, Standards Association of Australia, 3rd edition,
1994.




Table 1: Tabulated data showing the locations of the magnetic particle indications. For each indication
the label for the corresponding indication given by the ultrasonic inspections is also given.

Magnetic Particle Inspection
X y z Indication Corresponding Ultrasonic Indication Label
Type

0t029 -3 -10.7t0o-9.8 | Longitudinal Ml
137to 138 -8to 14 -10.3t03.3 | Transverse End of A1, M2, M3
8810138 -4 -9.3t0-6.2 | Longitudinal Al, M2, M3
188to0 193 -181to0 19 -21.9t09.7 | Transverse A2, M4
228 to 233 0 -2.6t0-2.1 | Longitudinal A3
261 to 329 -7to—-4 -10.3t0-9.3 | Longitudinal A4, M5
330t0 333 Oto 18 -8.8104.6 Transverse M6




Figure 1: The weld profile in the yz-plane at x = 0 mm showing the vertical web welded to the
horizontal flange. Each division on the ruler is 1 mm. Etchant was aqueous nitric acid.
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diagram on the left shows xy-section of the tee-butt joint with all the indications given
by automated P-Scan (A) and manual ultrasonics (M) overlayed. The diagrams on the right show a
yz-section of the joint at the x position indicated.




(a)

z=-7.2

M3 M4 M5 M6

z=+1.8

HUHRRI e

(b)

z2=+1.8

M2 M4 Mé

Figure 3: Diagrams of xy-sections of the joint showing a comparison of the ultrasonic and magnetic
particle data at the two different sections (a) z =-7.2 mm and (b) z = 1.8 mm. For each section the

upper diagram shows the magnetic particle data while the lower diagram shows the combined
ultrasonic data.



Task 2:

Activity 9:

Organization:

Description:

Results:
Plans:
Status:

Completion:

Determination of the Relationship between Welding Parameters (Including
Hydrogen Content) on Multiple Pass Weld Transverse Cracking

Hydrogen Content in Multipass Welds
UK-DERA
Canada-DREA

USA-NSWCCD
Australia-DSTO

Determination of the influence of multiple thermal experiences due to multipass
welding on the resulting hydrogen content.

NA

Searching for collaboration.

in progress
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TASK 3
DEVELOP HIGH STRENGTH STEEL FILLER METALS TO BE USED WITHOUT PREHEAT

1. Preheat Free MMA and FCA Welding Consumables
Australia-DSTO
Australia-CISRO-DMT
USA-NSWCCD
Canada-DREA

2. Development of ULCB Wires
USA-NSWCCD
Australia-DSTO
Canada-DREA

3. ULCB Wire Evaluation
USA-NSWCCD
Australia-DSTO

4. Evaluation of ULCB MCAW Consumables
USA-NSWCCD

5. Fluoride Additions to Control Weld Hydrogen Content
USA-CSM

6. Austenite Decomposition Temperature as Hydrogen Cracking Indicator
USA-CSM
USA-NSWCCD

7. Multiple Pass Weld Metal Properties Cooperative Project
Australia-CISRO
USA-CSM

8. Reduction of Diffusible Hydrogen Through The Use of Weld Metal Traps
USA-CSM
USA-Lincoln Electric

9. Analytical Methods to Evaluate Weld Hydrogen Content and Hydrogen Distribution
USA-CSM
USA-SUNY Albany
USA-Lincoln Electric




TASK 3 (page 2)

10. Understanding the Influence of Alloy Additions on Microstructure and Mechanical
Properties of Weld Metal from Gas-Shielded Processes
Australia-CISRO-DMT
USA-CSM
UK-DERA

11. Evaluation of the Influence of Retained Austenite on Hydrogen Assisted Cracking
UK-Cockrane
USA-NSWCCD
Australia-DSTO
Canada-DREA
USA-CSM
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Task 3:
Activity 1:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Development of High Strength Steel Filler Metals
Preheat Free MMA and Flux Cored Arc Welding Consumables

Australia-DSTO Australia-CISRO-DMT
USA-NSWCCD Canada-DREA

The review of the status of preheat free consumables is continuing. Experimental
MMA and FCA consumables, each at two different composition levels have been
received from DMT/CSRRO, Adelaide.

"Preheat free" formulations for both manual metal arc and flux-cored arc
consumables prepared by DTSO have been trialed. All consumables delivered
acceptable welding characteristics with a stable arc, easy slag removal and
satisfactory bead appearance. Most of the experimental weld metals met our
minimum YS of 690 MPa. In general, Charpy toughness was quite poor and did
not meet our objective of 64] @ -51C. Subsequent metallographic examination
showed that unexpectedly high proportions of unrefined primary microstructure of
between 40-50% may have contributed to this poor result. This compares to 20-
25% which has been observed during the actual welding of the COLLIN
submarine. '

In the most recent experiments the toughness of MMA preheat free consumables
deposited in both the down-hand and vertical-up positions has been compared.
The results are set out below.

Pass Value Down Hand Vertical Up
Charpy Toughness
75 @ -18 C 457,24 33J,381J
47 @-51C 19],35] 227),30)
0.2% proof stress
690 MPa 686 MPa, 689 MPa 761 MPa, 792 MPa

It can be seen that poor Charpy toughness was encountered in both cases. High
proportions of unrefined primary structure were again encountered. Significant
differences in oxygen content were noted, with 0.067 wt.%, being measured for
the vertical-up weld compared to 0.039 wt.% for the downhand weld.

Future plans include investigating the role of welder skill, the proportion of
unrefined primary structure and oxygen content of the strength and toughness of
low C, MMA consumables. Metallographic studes of the weld metal
microstructure are planned as are further discussions with NSWCCD on ‘
consumable formulations. Tests to assess the resistance to weld metal hydrogen
cracking are also planned.

in progress

1999, Q4
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Task 3:
Activity 2:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Development of High Strength Steel Filler Metals

Development of Ultra Low Carbon Wires

USA-NSWCCD
Australia-DSTO
Canada-DREA

Development of Ultra Low Carbon Bainite (ULCB) wires (80-130 ksi yield
strength). Chemical analyses, microstructural evaluation, transformation studies,
and mechanical property assessments were performed on several ULCB welds.
Statistical evaluation of resulting data identified composition, cooling rate,
transformation temperature, and grain size as factors controlling mechanical
properties. Regression equations describing these relationships are being
developed and refined.

The Development of ULCB wires (80-130 ksi yield strength) has been completed
and thorough evaluation of mechanical properties and weldability is in progress at
NSWCCD. The wire will soon be available for round robin evaluation. DSTO is
now in position to participate in round robin testing using 690 Mpa yield QT
microalloy steel. NSWCCD could conceivably start the round robin testing in
December.

Welds have been fabricated with various shielding gases and welding thermal
cycles to produce weld metal of various oxygen and nitrogen contents and grain
sizes. The results of this anlysis were incorporated into the above equations. This
work was presented at the International Conference on Advances in Welding
Technology November 6-8, 1996 and the PRICM 3 conference on July 15, 1998.
A copy of these papers will be forwarded with the final TTCP report.

NA
completed

1998, Q2
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WELDABILIT.Y METHODOLOGY
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Task 3:
Activity 3:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Development of High Strength Steel Filler Metals
Ultra Low Carbon (ULC) Wire Evaluation

USA-NSWCCD

The objective is to evaluate and certify an 80 ksi yield strength wire that can be
welded at preheat levels down to 60 °F. Evaluation will included mechanical
property testing over a wide range of cooling rates, as well as weldability, fatigue,
SCC, and dynamic fracture testing. Microstructural and chemical analyses will be
performed to provide metallurgical rationale for observed properties. Shipyard
fabrication studies will be performed to assess performance under stringent
production conditions.

Mechanical property and weldability evaluation of final matrix of 4 experimental
wires (named Alloys 1-4) is complete. All wires met mechanical property
requirements. 3 of 4 wires met weldability goals. Explosion crack starter testing
was successfully completed on Alloy 2. A 25,000-Ib prototype production heat,
based on Alloy 2 has been melted in production. The first lot of wire (approx.
6000 Ib) will be delivered in Jan 99. Wire will then be available for round robin
testing. Quantities available for round-robin will be determined by the U.S.
Working Group. This work was presented at the PRICM 3 conference on 13-16
July 1998. A copy of this paper will be forwarded with the final TTCP report.

U.S. Navy (including NSWCCD and U.S. shipyards) evaluation of the prototype
production heat will begin in Jan 99. Round robin testing by Task 3 participants
can begin as soon as test facilities and available quantities are determined.

in progress

2001, Q4
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Task 3:
Activity 4:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Development of High Strength Steel Filler Metals
Evaluation of ULCB MCA Welding Consumables

USA-NSWCCD
Australia-DSTO

This activity will evaluate four MCA welding wires produced to meet weld deposit
compositions specified by NSWCCD. Following discussions with NSWCCD,
further “preheat free” formulations for both manual metal arc and flux-cored arc
consumables have been evaluated by DSTO. All consumables delivered acceptable
welding characteristics with a stable arc, easy slag removal and satisfactory bead
appearance. Most of the experimental weld metals met our minimum yield
strength of 690 MPa. In general Charpy toughness was quite poor and did not
meet our objective of 64J @ -51C. Subsequent metallographic examination
showed that unexpectedly high proportions of unrefined primary structure may
have contributed to this poor result. Further work is underway investigating this
aspect.

DSTO is now in a position to participate in round robin testing of selected
NSWCCD preheat-free consumables using 690 MPa yield QT microalloy steel as
the base material.

Four selected MCA wire compositions were prepared into welding wire and
evaluated.

NA
in progress

2001, Q3



Table V. Typical Weld Metal Analyses from Rich and Lean Variants of ED1

Alloy C Mn Si Ni Mo
Alloy 1 0.03 1.5 030 27 06
Alloy 2 0.03 1.7 030 27 0.6
Alloy 3 0.03 1.7 030 2.7 0.7

Alloy 4 0025 15 030 30 06
Alloy 4 0.025 14 025 26 05

250

S |o
2 200 g 5 QY 1
& : =ALLOY 2
: w S Pom aA Y
[ ~ 1) A ® oy 4
8 150 EJ X )
‘6 | !5 = > L

\ .‘ -

> ) - "
D 100 il B . a
2 S S .

[}
w = ~
Z sofb ol -
o Unsat for HSLA-80 and HSLA-100

070 80 90 100 - 110 120 130 140

Yield Strength (ksi)
Figure 4. Yield Strength and CVN Toughness of Alloys 1-4.



Task 3:

Activity 5:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Development of High Strength Steel Filler Metals

Use of Fluorine and Optimal Oxygen Additions to the Welding Plasma to Assist in
Hydrogen Management

USA-CSM

The use of selected fluoride and oxide additions to welding consumables to
promote a plasma chemistry that reduces the weld pool hydrogen content is being
investigated.

Effective use of the water and HF reactions in the plasma to reduce weld pool
hydrogen content has been demonstrated. Various fluoride additions are being
added to the electrode covering and the resulting welds are being evaluated.
Fluorides are being carefully selected based on their physical stability and their
predicted pyrochemical behavior.

Further characterization of the influence of specific fluoride additions on the
resulting diffusible hydrogen content has been performed. With the determination
of the most promising fluoride additions more extensive evaluation will be
preformed to determine the optimum fluoride content and weld metal oxygen
content necessary for various sets of welding parameters. Diffusible hydrogen
contents have been dropped from 5 ml/100 gram of Fe to 1.5 ml/100 gram of Fe, a
significant reduction. The best fluorides determined from present effect are AISiF2
and KF.

NA
in progress

1999, Q3



Thermo-chemical Reaction in Arc Plasma
Hydrogen absorption control by hydrogen - fluorine reaction

Weld Metal Hydrogen - Fluorine Relationship
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Task 3:

Activity 6:

Organization:

Description:

Results:

Plans:

Plans:
Status:

Completion:

Development of High Strength Steel Filler Metals

Use of Austenitic Decomposition Start Temperatures to Predict Weld Hydrogen
Distribution and Cracking Behavior

USA-CSM
USA-NSWCCD

A practice of comparing calculated austenitic decomposition start temperatures of
the base metal and weld metal to predict the hydrogen distribution and cracking
behavior of high strength steel welds has been demonstrated. The practice uses the
differences of the calculated martensite temperatures to predict whether cracking
will occur in the weld or heat affected zone. The successful application of this
indicator results from the large differences in hydrogen solubility and diffusion
coefficient between ferrite (martensite)and austenite.

Preliminary results indicate that this analytical approach can qualitatively make
predicts of weld hydrogen behavior.

CSM has identified retained austenite is a significant factor in hydrogen
management. Retained austenite in high strength steel weld is a high capacity high
temperature bulk hydrogen trap. Retained austenite may transform to martensite
with changes in service temperature and plastic strain, which can cause hydrogen
release and resulting in cracking.

Efforts to refine this proposed practice will proceed. Work will expand the range
of steel compositions of both plate materials and welding consumables used in this
analysis to achieve more quantitative correlation. The thermomechanical simulator
(Gleeble) will be used to determine measured austenitic decomposition start
temperatures for the various high strength steel plates and weld deposits (welding
consumables) of interest. Efforts will be made to promote welding consumable
manufacturers to test this proposed practice.

NA
completed

1998, Q3
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Task 3:
Activity 7:

Organization:

Description:

Results:

Plans:
Status:

Conclusion;

Development of High Strength Steel Filler Metals
Multipass Weld Metal Properties

Australia-CISRO
USA-CSM

A cooperative research project between CISRO and CSM is in progress to better
understand the influence of alloying additives on the microstructural and
mechanical properties of weld metal for flux and metal cored welding. The work is
proceeding at each institution and visitations have been made to share data, to
discuss alloying and thermal processing models, and to design needed experiments.

This project is a strategic study in which the influence of well controlled additions
of alloying and microalloying elements to experimental gas-shielded cored welding
wires will be investigated. Major aspects of the project include manufacture of
cored consumables from high purity materials and assessment of details of the
welds from these consumables with regard to mechanical properties,
microstructure development and influence of non-metallic inclusions.

Studies to date have included assessments of the influence of manganese, silicon,
titanium, aluminium and boron on properties of welds from these wires. The
combined influence of titanium and boron is currently under investigation. These
results are being used to better understand the factors that control the mechanical
properties of weld metal, particularly the low temperature impact properties.
Analysis of results to date suggest that such impact properties are influenced by a
number of factors including weld metal strength, number density of large non-
metallic inclusions, proportion of acicular ferrite in the as-deposited metal and
proportion of reheated weld metal.

NA
in progress

1999, Q4
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Task 3:
Activity 8:

Organization:

Description:

Results:;

Plans:
Status:

Completion:

‘Development of High Strength Steel Filler Metals

Use of Weld Metal Traps for Hydrogen Management

USA-CSM
USA-Lincoln Electric

The use of weld metal hydrogen traps to reduce the available diffusible hydrogen
content is being investigated. From literature reported and theoretically calculated
binding energy values calculations have been made to assist in the selection of the
most promising ferroadditions to be added to welding consumables.

Selected ferroadditions of various transition metals and rare earths were made by
CSM. Lincoln Electric Company has made metal filled cored wires with these
additions at various content levels. A reproducible method to introduce specific
hydrogen content into the weld metal was developed to allow for the evaluation of
this concept of hydrogen management. An analytical arrangement and procedures
to measure the hydrogen evolution rate as a function of weldment have been set
up. Efforts have begun to measure the effectiveness of the Lincoln Electric
produced experimental (with trapping additions) consumables. Preliminary results
have shown drops in the diffusible hydrogen content due to trapping. Lincoln
Electric is currently working on analyzing the recovery of ferroaddition to the
wire. As soon as this recovery is known, another set of experimental wires can be
made. Yttrium ferroadditions have demonstrated the most significant reduction in
diffusible hydrogen content.

CSM has demonstrated three effective methods to improve welding consumables
for hydrogen management. These methods are the selection of filler wire
composition to produce an acceptable Ms temperature for the weld deposit relative
to the base metal, the use of fluoride additions to the plasma, and the use of
specific micro alloy additions to the consumable to achieve irreversible weld metal
hydrogen traps. Some of these approaches are now being evaluated by U.S.
welding consumable companies.

NA
in progress

1999, Q3
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Hydrogen Trapping

Trap occupation by hydrogen as predicted by Fermi-Dirac

distribution

Fraction of trap occupation as a function of temperature for

various type of traps at hydrogen partial pressure Py, = 0.0545 Pa
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Hydrogen Trapping
Trap Site Classification

mobile
“re trap “r* trap
‘r-trap type t “i* trap (dislocation} type 2
surface
— D: —_— 0; D1 D?

lattice sites

AE.J__._ AES 1
'T‘— T AE?

Schematic of general traps, trapping energies, and the influence diameters.

HERERNN

Strength of Various Traps in Ferrous Alloys
Character of the
Schematic Description | Nature of the | Trap at Room E (Trap-H)
Trap - Temperature (eV)
Lattice sites Lattice site | Very Reversible 0.08
diffusion site
“r" trap - type | Titanium Reversible 0.27
substitutional
_ atom
"1" trap Titanium [rreversible 0.98
Carbide 0.8-0.98
Particle (TiC)
mobile "r" trap Dislocation Reversible 0.25
(dislocation) ‘
"r" trap - type 2 Grain Reversible 0.27
boundary 0.55-0.61

Ref.: Pressouyre & Bernstein
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Task 3:

Activity 9:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Development of High Strength Steel Filler Metals

Analytical Methods to Evaluate Weld Hydrogen Content and Hydrogen
Distribution

USA-CSM
USA-SUNY-Albany
USA-Lincoln Electric

The hydrogen distribution in a weld becomes significantly more important as the
acceptable diffusible hydrogen contents decrease. With the ever increasing use of
steels of higher strength analytical techniques need to be developed to measure
hydrogen distribution across the weld. These localized hydrogen contents are
most likely the cause in the spread of the correlation between the measured
diffusible hydrogen contents and cracking tendencies. A number of methods are
being explored to measure hydrogen distributions. These methods included laser
induced breakdown spectroscopy (LIBS), hydrogen exposure to silver bromide
coatings, laser ablated gas chromatography, hydrogen changing the electrical
conductivity of W3O coatings, and MeV ion Beam Analysis.

CSM has developed and demonstrated the use of optical and electronic techniques
to measure diffusible hydrogen and weld hydrogen distribution in weldments.

Preliminary results have successfully measured hydrogen distributions. The W30
oxide coating conductivity concept shows promise of attaching adhesive electrical
device to read diffusible hydrogen directly from welded components.

A diffusible hydrogen sensor for welded steel is currently under development at the
Colorado School of Mines and the National Renewable Energy Laboratory.
Preliminary experiments have demonstrated that the sensor can detect hydrogen
directly from a weld deposit and that it possesses high sensitivity. The sensor is
designed to sample from actual welded structures as opposed to sample coupons;
results from the sensor can be obtained in minutes instead of hours. This device
provides the potential for alleviating the cost and time expenditure associated with
standard diffusible hydrogen testing. Future work needs to project laboratory
successes in the design of advanced hydrogen sensors for technological transfer to
high strength steel fabricators.

Efforts will be made to develop an analytical practice to supplement the
information presently reported by the costly and time consuming diffusible
hydrogen measurements.

in progress

1999, Q3
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Figure 1

Hydrogen levels as a function of the evolution time in mercury at 25°C 25°C
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Figure 2  The influence of the clamping conditions on the cooling rate and quenching temperature
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Figure 3

Austenite/ferrite transformation temperatures for heat affected zone material and E7018
weld metal
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Figure 6
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Task 3:

Activity 10:

Organization:

Description:

Results:

Plans:

Status:

Completion:

Development of High Strength Steel Filler Metals

Understanding the Influence of Alloy Additions on Microstructure and Mechanical
Properties of Weld Metal from Gas-shielded Processes

Australia-CISRO-DMT
USA-CSM
UK-DERA

This project is a strategic study in which the influence of well controlled additions
of alloying and microalloying elements to experimental gas-shielded cored welding
wires will be investigated. Major aspects of the project include manufacture of
cored consumables from high purity materials and assessment of details of the
welds from these consumables with regard to mechanical properties,
microstructure development and influence of non-metallic inclusions.

DERA is using a method for the determination of hydrogen in MMA weld metal is
to deposit a single weld bead onto a mild steel test block which is then rapidly
quenched and analyzed to determine the diffusible hydrogen content. Work has
been conducted to establish whether the measured hydrogen concentration would
be affected by replacing the mild steel test block with alternative 550MPa and 690
MPa strength level steels. It was concluded that the diffusible hydrogen
concentration was not affected by any of the steel types used as the centre block in
test assembly.

A literature review on the subject have been done and published. The effect of
Mn, Si, Ti and Al have been investigated and mid-term report and a paper have
been published. For Boron series, consumables have been manufactured and
characterization of chemical composition, mechanical properties and optical
microscopy done. Influence of non-metallic inclusions on microstructure
development is under way.

A visit to CSM for interpretation of the results and to exchange research data, was
undertaken in May-June 98 for one month. Subsequent to that one more series to
study combined influence of Ti-B is underway.

Completed

1998, Q4
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Task 3:
Activity 11:

Organization:

Description:

Results:

Plans:
Status:

Completion:

Development of High Strength Steel Filler Metals
Evaluation of the Influence of Retained Austenite of Hydrogen Assisted Cracking

USA-CSM
UK-Cockrane
Australia-DSTO
Canada-DREA
USA-NSWCCD

Retained austenite has been observed to be a significant factor in hydrogen
management. In high strength steel weld, retained austenite is a significant high
temperature bulk hydrogen trap. The retained austenite may transform to
martensite with changes in service temperature and plastic strain, which can cause
hydrogen release and resulting in hydrogen cracking. The existence of retained
austenite means low reported diffusible hydrogen values when using existing
testing methodologies.

Preliminary research has been performed. Results were reported at Pine Mountain,
Georgia at the Trends in Welding Research Conference ‘98.

NA
in progress

1999, Q4
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5.0 Gantt Chart (Time Table) for all TASKS and Activities
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6.0 1996 HYDROGEN MANAGEMENT IN STEEL
WELDMENTS JOINT WORKSHOP AND SEMINAR

Melbourne, Australia
23" October 1996
Sponsored by the US Army Research Office, Australian Defense Science and Technology
Organization and Welding Technology Institute of Australia

As part of this collaborative program, a public seminar was held at the Carton Crest Hotel
in Melbourne on October 23, 1997. The seminar brought together experts in the field of hydrogen
cracking from industry, academia, research institutions and defense agencies, to establish the
state-of-the-science, to review the progress of the collaborative research project and to address
the feasibility of alternative approaches for hydrogen and preheat management. Seminar papers
covered a range of topics form safe hydrogen management practice for today, to the science based
development of low-hydrogen consumables for the future. Accordingly, this collection of papers
provides a unique opportunity for the reader to become aware of the current directions of
hydrogen management in high strength steel weldments. The collection of paper has been
published by WTIA.

The on going projects were systemically reviewed with suggestion and inputs from the
participants. The five original tasks were reorganized into the three present tasks to promote
better use of collaboration in research, development and assessment of quality assurance.



7.0 1998 International Workshop on Hydrogen Management for Welding Applications

This workshop was held on October 6-8, 1998, Camsell Hall Natural Resources, Canada (NRC),
Ottawa, Ontario, Canada.

The executive summary and research recommendations are given below in section 7.1 and 7.2.



7.1 EXECUTIVE SUMMARY

The Materials Technology Laboratory, CANMET, in cooperation with the Canadian Department
of National Defense, Defense Research Establishment Atlantic, The US Army Research Office,
US Army Armament RD&E Center, and the Colorado School of Mines, organized an
international workshop on hydrogen management for welding applications. The focus of the
workshop was on Hydrogen Management for Steel Welding Applications", particularly for high
strength steels and was performed on October 6-8, 1998 at Camsell Hall, National Resources
Canada, Ottawa, Canada. This workshop identified major road blocks to the further development
of the welding processes, practices and materials in the welding of higher strength steels without
hydrogen assisted cracking.

This workshop included both informational keynote presentations and work sessions responding
to prepared white position papers. The work sessions will generate recommendations for
necessary research, development, education, standardization and policy making. The workshop
provided guidance to, and promoted collaboration among the various research and development
activities. The workshop also presents assessment of the progress and accomplishments of the
presently active TTCP program on Hydrogen Management, assignment S-11.

The white paper sessions are listed as follows:

Predictive Methods for Managing Hydrogen in Welding Applications
Mechanical Tests for the Susceptibility to Hydrogen-induced Cracking
- Welding Consumables for Hydrogen Management
Hydrogen Management Requirements in Codes, Standards, Specifications and Regulations
Mechanistic Understanding of Hydrogen in Steel Welds
Hydrogen Measurement techniques
Modeling of Hydrogen Behavior
The Role of Welding Parameters in Hydrogen Management.
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The recommendations of three of working sessions on Mechanistic Understanding (#5), on
Modeling (#7) and on Predictive Methods (#1) need to be considered are related and should be
part of a combined effort to promote strong coupling between theoretical concepts and the
advancements in numerical analysis, modeling and prediction. There was conscience that the state
of science offers many new approaches for the selection of welding processes, materials and
practices. The ability to predict hydrogen assisted cracking susceptibility for given materials and
process parameters can be achieved if collaborative research is vertically focused from specific
user requirements down to our fundamental understanding and, our ability to model. The
opportunities for successful contributions to hydrogen management resulting higher weld
integrity, increased productive and more rapid introduction of the higher strength steels in
structural applications.

The recommendations of the three working groups on welding consumables (#3), hydrogen
measurement techniques (6), and on welding parameters (#8) offer the fastest turn around in
making further advancements in hydrogen management in the welding higher strength steels.
These activities need research and development support to take recent accomplishments to the
users. In the longer range these activities must be coupled to the more fundamentally driven




activities if the new theoretical, modeling and predictive skills are to make contributions.

The recommendations of two of the working sessions, on Mechanical Testing (#2) and on codes,
standards, specifications and regulations (#4), involved in weld integrity need special attention for
the other advances to be used in fabrication will require testing, meaningful interpretation of
mechanical testing results and new or modified specifications. In the United States there is special
interest in this activity area since there are plans to switch military standards and specifications to
commercial specifications which require much work to establish of confidence in this transition.
Testing for hydrogen cracking susceptibility requires sufficient delay time prior to testing. The
amount of this time is considered an important issue since it affects both integrity and
productivity. New approaches to this issue need to be explored.

The specific recommendations made by each working session are given below:

Prioritization of the recommendations was not made due the broad spectrum of disciplines and
expertise involved in the work shop and insufficient number of participants to make a statistical
meaningful prioritization. The specific recommendations made by each working are given below
for consideration of research support



HYDROGEN MANAGEMENT FOR WELDING APPLICATIONS

7.2 RECOMMENDATIONS FOR WELDING RESEARCH

1. White Papers on Mechanistic Understanding and Modeling

1. First principles techniques are now capable of discerning the subtle changes in energy
associated with the sharp segregation of hydrogen and other impurities to grain boundaries -
and other planar faults. This capability has come with improvements to computational
methods used to solve the Schroedinger equation. Given the improvements seen in the last
fifteen years to these approaches, there is every reason to believe that we should continue
to see improvement to the point where line defects can be treated with the same accuracy
as planar defects are now. Research seeking to improve or accelerate these approaches
should be promoted.

2. Analyzing the results of first principle calculations in terms of changes in the charge
density remains qualitative. Research establishing quantifiable relationships between
features of the charge density and materials properties is necessary to capitalize on the
improvements to quantum mechanical calculations.

3. First principles calculations offer the greatest potential as tools to discern the
mechanism(s) of hydrogen embrittlement, i.e. whether the process occurs via a decohesion
mechanism or via enhanced plasticity. Calculations employing first principle approaches
should be directed toward this end.

4. Atomistic calculations using the embedded atom method offer great potential as tools in
the study of hydrogen's effect on the properties of materials at the mesoscale. A new
approach to the determination of atomic potentials is necessary to model real, as opposed
to realistic, materials. These potentials should incorporate the redistribution of charge
density associated with embedding.

5. Modeling at the micro structural scale involves the use of statistical and thermodynamic
models. These approaches are in principle completely accurate but require knowledge of
certain thermodynamic parameters. With the increased accuracy of quantum mechanical
techniques, these parameters are now accessible through these first principle approaches.
Among the parameters which are accessible to first principle calculations are:

i The effects of hydrogen to interfacial and surface energy;

ii. The effects of hydrogen to interfacial strength;

iii. The barrier to hydrogen diffusion;

iv. The effects of hydrogen on elastic moduli;

V. The effects of hydrogen on dislocation emission from crack tips;

i, The binding energy of hydrogen to trap surfaces.



Models combining statistical thermodynamics with electronic models should provide more
sophisticated insights into the effects of hydrogen at the microstructural scale.

2. White Paper on Predictive Methods

1. There is a need to develop HAC predictor/indicators for weld metal. It is emphasized that
the rich experience base already developed for the HAZ cannot, in general, be adapted to
WM because the situation is considered to be quite different.

2. There is a need to develop an understanding of the problems of multipass welding with
respect to HAZ HAC. This should include considerations of retained austenite and the
occurrence of microphase MA regions where HAC initiation has been observed.

3. The significance of HAZ or WM hardness as an HAC indicator is controversial, e.g.,
notable and important exceptions to the general trend that the risk of HAC increases with
hardness have been found in recent years. Nonetheless, the significance of hardness as an
HAC indicator should be thoroughly investigated and evaluated because it is so widely
used in the industry.

4. Residual stresses should be incorporated in all weld HAC indicator studies. Moreover, the
approach should focus on local stresses (e.g., potential HAC sites) and should include
geometry and processing effects.

5. There is a need to develop an understanding of WM/HAZ coupled effects, e.g., the effect
of relative transformation temperatures.

6. Service failures initiating from hydrogen penetrating either the WM or HAZ are
considered important and should be the focus of further workshop review and study.

7. Predictor indicator schemes must be based on user friendly procedural variables, e.g.,
preheat temperatures, interpass times, chemical compositions, heat input variables, etc.

8. Whenever possible, predictive/indicator schemes should be computer based. In particular
the neural network methodology is seen to have considerable potential with regard to the
HAC problem.

3. White Paper on Hydrogen Measurement

The following topics will be important in future research for hydrogen measurement methods:

Development of correlations for diffusible hydrogen content from out-of-position welds
and multiple-pass welds.

1. Development of advanced electronic techniques for determination of moisture content
in electrode coverings and flux cored wires;

2. Development of advanced electromagnetic techniques for determination of diffusible




hydrogen content;

3. Development of advanced electromagnetic techniques for determination of hydrogen
distribution across the weld.

4. White Paper on Mechanical Tests

Tests for the susceptibility to hydrogen-assisted cracking will serve one or more of three
functions:

(1) Enable one to determine safe welding parameters which would guarantee freedom
from hydrogen-assisted cracking in production or during a repair

(i) Allow the ranking of consumables or processes in terms of resistance to hydrogen-
assisted cracking or

(111) Provide a research tool that allows for the independent control of the major
- variables which lead to hydrogen-assisted cracking (i.e. microstructure, stress and
hydrogen concentration).

When choosing a test for hydrogen-assisted cracking resistance it is important to:

(1) recognize that each test will have a bias toward cracking in the HAZ or the weld metal
and that it may not adequately measure the cracking resistance in the other location

(i) know which function of a hydrogen-assisted cracking test is actually needed
(1i1) ensure that the candidate test(s) fulfill the requirements of that function.

From the analyses in the preceding sections it is apparent that there are existing tests which
adequately satisfy the functional requirements of both the ranking and the fundamental test
functions. However, there are few tests (if any) which could be used to determine welding
parameters which would guarantee freedom from transverse hydrogen-assisted cracking in
weld metal during production or in a repair scenario. This is clearly an area for future effort.

S. White Paper on Welding Consumables

Continual advancements in consumable developments over the last 30 years have expanded
their usage into more critical applications requiring hydrogen management. Although a wide
variety of products are available, additional developments over the next decade are needed to
consistently achieve the lower diffusible hydrogen levels required for today's new steels.
Following are the major recommendations that should accomplish this goal, if they are
implemented and successfully completed.

o Continue research on using fluorides for reducing diffusible hydrogen.
e Improve consumable manufacturing methods to reduce hydrogen sources.
o Continue investigations on the effectiveness of hydrogen getters or traps on reducing



diffusible hydrogen.
e Explore new alloy systems that are more resistant to hydrogen assisted cracking problems. -
o Improve consistency of low hydrogen consumables and the methods used to measure
diffusible hydrogen.

6. White Paper on Welding Parameters

1. Analytical techniques are needed to investigate the impact of welding parameters on the
level and distribution of diffusible hydrogen in the weld. The effect of individual factors,
including amperage, voltage, travel speed, current densities, transfer mode, electrode
extension as well as the interrelationship of these parameters must be studied. The effects
of welding parameters on diffusible hydrogen must be correlated with the microstructural
development resulting from the selection of these parameters. The interrelationships
between welding parameters, microstructural development and hydrogen effusion (cooling
rate from 3000 to 100°C) should be investigated. The outcome of these investigations
should be to develop analytical practice to select a resilient set of welding parameters for
the various steels and welding processes suitable for automated control.

2. Analytical techniques are needed to investigate the role of edge preparation, joint
configuration, and welding position on hydrogen pick up and stress distribution in the
weld joint.

3. The role of weld through primers and anti-spatter compounds as hydrogen sources should
be investigated.

4. Ongoing research on the impact of shielding gas composition on the diffusible hydrogen
content of deposited weld metal should continue. Gas nozzle design should be modelled to
aid in developing improved designs which reduce the introduction of contaminate gases.

5. Since residual stress distribution relative to the weld achieves a region adjacent to the weld
with strain gradient conditions favorable to hydrogen transport, the resulting hydrogen
distribution produces a high hydrogen content adjacent to the fusion line in the heat
affected zone, a location with the most likely hydrogen cracking susceptibility. New
analytical techniques need to be developed to calculate the resulting weld hydrogen
distribution for a given set of welding parameters.

6. Research is needed to investigate how welding parameters affect the transient time in the
3000 to 100°C range and thus their impact on hydrogen diffusion from the weld. Research
continues to be needed in developing new or improving existing relationships for selecting
the proper preheat temperature to maintain diffusible hydrogen contents below critical
levels.

7. Modelling of multiple pass welding is needed to aid in understanding the potential benefits
of temper bead sequencing and the redistribution of diffusible hydrogen.



7. White Paner on Codes and Standards

1. The information in this paper emphasized standards and specifications in the United States
and Canada. A white paper review, similar to this paper, summarizing hydrogen
management requirements in codes, standards, specifications, and regulations in other
industrialized nations such as the UK, Japan, and other European countries would be
useful.

2. The United States is planning to switch from military standards and specifications to
commercial specifications wherever possible. Several differences in the requirements
between military specifications and commercial electrode specifications and fabrication
documents were presented in this paper. A strategy or plan to address these differences is
needed. Similarly, the United States and possibly other countries would like to adopt
certain ISO standards in order to increase the ability to conduct international business. The
differences between certain country-specific standards and similar current and planned ISO -
standards need to be identified and addressed.

3. The delay time prior to the final inspection of a welded structure was considered to be an
important issue. Delay times that are too short may result in undetected hydrogen cracks.
‘Delay times that are too long hurt productivity and increase the cost of the fabricated
structure. The current recommended delay time prior to inspection for hydrogen cracks
was found to vary significantly between the different fabrication documents reviewed. The
current proposed delay times may not reflect the improvements in the weldability of the
plate materials and low hydrogen welding consumables that are available today.
Developing a rational criterion for determining the minimum delay time for weld
inspection, based on the materials used, the thicknesses involved, and the criticality of the
application is desirable.



8.0 NEW(MAT-TPI-0-22) OPERATING ASSIGNMENT

The following Activities will carry over from MAT-TP1-0-13 operating assignment to the new
operating assignment, MAT-TP1-0-22 as one of the new tasks.

Task | Activity Description Organization
1 6 Fatigue Life in Hydrogen Environments USA-Army Benet Lab-ARDEC
. _ . Australia-DSTO, ASC,USA-

1 8 Develop Testing Criterion for Weld Repair NSWCCD
1 9 Modeling of Electronic Bonding of Hydrogen in the USA-Army ARL,USA-CSM,

Zone Ahead of Sub-critical Cracks in Ferrous Alloys | Australia-DSTO
2 1 Hydrogen Induced Sub-critical Cracking Australia-DSTO
2 2 Hydrogen Cracking and Heat Input Australia-DSTO
2 5 Mode.hng of Hydrogen Cracking Behavior in a Canada-DREA

Repair Weld

. - o Australia-DSTO, USA-NSWCCD,
2 8 Cracking Mapping in a T-Butt Joint Canada-DREA
. . UK-DERA, Canada-DREA, USA-
2 9 Hydrogen Contents in Multipass Welds NSWCCD., Australia-DSTO
. Australia-DSTO, CSIRO-DMT

3 1 Preheat Free MMA and FCA Welding Consumables USA-NSWCCD, Canada-DREA
3 3 ULCB Wire Evaluation Australia-DSTO,USA-NSWCCD
3 4 Evaluation of ULCB MCAW Consumables USA-NSWCCD
3 5 Fluoride Additions to Control Weld Hydrogen USA-CSM

Content
3 7 gzj!ggle Pass Weld Metal Properties Cooperative USA-CSM, Australia-CSIRO

Reduction of Diffusible Hydrogen Through the Use of . .
3 8 Weld Metal Traps USA-CSM, Lincoln Electric
3 9 Analytical Methods to Evaluate Weld Hydrogen USA-CSM, Lincoln Electric, SUNY

Content and Hydrogen Distribution Albany
3 1 Evaluation of the Influence of Retained Austenite on | UK-Cockrane, Canada-DREA, USA-

Hydrogen Assisted Cracking

NSWCCD, CSM, Australia-DSTO




8.1 OPERATING ASSIGNMENT SUMMARY

Assignment Title: Reference No: MAT-TP1-0-22

LIFE CYCLE COST REDUCTION FOR WELDED HIGH STRENGTH STEEL CONSTRUCTION

Focus Officer: Prof D.L. Olson Status: New Type:
Start Date: October, 1999 Estimated Completion Date: 2003

Aus Can NZ UK US

Estimated Manpower Effort:
min 1.5 min2 = - minl min 10

Principal CTA: Cost Effective Metallic Materials
Associated CTA: Armour, Ammunition and Ordance

Defence Relevance: For the foreseeable future, welded high strength steels will remain the most extensively used
material in ships, submarines and armoured vehicles. Reduction in maintenance budgets, emphasis on building
less expensive but longer life systems and use of systems beyond their design lives require improved methods of
welding and inspection. Significant savings and improvements in quality are believed to be possible by: better
managing hydrogen, through improved detection methods, improved understanding of kinetic issues and improved ’
welding consumables; better dealing with defect acceptance criteria, especially for high toughness materials; and
understanding and optimization of welding procedure variables. At least one aspect of the welding problem,
hydrogen-cracking avoidance is, closely related to hydrogen problems created by advanced propellants used in
heavy guns. There are significant opportunities for cross-disciplinary collaboration, which will benefit both
groups. The Defence Department of all TTCP nations are supporting work on steel welding, some at a very high
level. As well, the U.S. Army is supporting work on hydrogen embrittlement of guns.

Scientific Objective: To share information and do collaborative research on hydrogen management in welding,
defect acceptance criteria and understanding and optimization of welding procedure variables and other welding
topics defined by the participants. Specific objectives include: developing recommendations on inspection delay
time in development of hydrogen cracking tests useful for procedure development, understanding the effect of
welding variables on cracking and properties, and developing more rational defect acceptance criteria.

Outline Program (Start to Finish): A first meeting will be held in Fall *99. By this time program will be
finalized and participants in each activity identified. A first (hopefully final) report on inspection delay times will
be given by the end of 1999. A mid-course correction will occur in 2001. The final report will be complete by Nov
2003.

Progress (Achievement/Difficulties) During Last Year: New assignment that will follows on from Operating
Assignment 0-13 in 1999. At the 0-13 meeting in Oct. *98, plans for a follow on assignment were discussed. So

far, collaborators have been identified in Canada, the United States and Australia. A plan for collaborative work
has been defined and agreed to by workers in these countries.

Milestones for 1998-1999: In 1998-99, operating assignment 0-13 will be completed and a final report prepared.
For the new assignment, a kick-off meeting will be held in Colorado or Benet or England or (?) or in the Fall of
’99. Some parts of the program will be well underway at that time.
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